Abstract: This study investigated the impact of global warming on Japanese wind energy resources and their short-term variations using the large ensemble d4PDF dataset, which consists of dynamically downscaled historical and +4K future climate projections. The capacity factor under the future and present climate was estimated from an idealized power curve based on hourly near-surface wind speeds. The +4K warming future climate projections showed significant changes in wind energy resources that varied both regionally and seasonally. The wind energy potential was projected to slightly increase (decrease) from winter to spring over northern (southern) Japan and decrease from summer to autumn over most of Japan. The projected annual production decreased by about 5% over Japan in response to climate change. The frequency of wind ramp events also decreased in the latter seasons. The relationship to synoptic weather was investigated using self-organizing maps, whereby weather patterns (WPs) over the region in the present and future +4K climate were classified for a two-dimensional lattice. Future probabilistic projections of WPs under the global warming scenario showed both increases and decreases in the frequency of different WPs, with corresponding advantages and disadvantages for wind power generation with regard to future changes in capacity factors in Japan. The importance of these frequency changes on the total change was further assessed by separating the dynamical and thermodynamic contributions.
Introduction
Observed and projected climate changes have raised the need to increase renewable energy production in future decades. Wind power is one of the fastest-growing renewable energy technologies, with global cumulative wind power capacity reaching~540 GW by the end of 2017 and~4% of global electricity currently being produced by wind energy. After the Fukushima Daiichi nuclear power plant accident in early 2011, the Japanese government decided to promote renewable energy resources [1] . While wind energy currently represents a relatively minor proportion of Japan's energy production, it will be significantly increased in the next few decades. By FY2030, the Japanese Wind Power Association aims to introduce approximately 36 GW of electricity production in Japan from onshore and offshore wind power, with a further increase expected in the future.
Wind energy production may be influenced by climate change as this will alter the spatial and temporal characteristics of current wind patterns through changes in background climatological conditions and synoptic-scale variability [2] . Since wind energy scales have the cube of wind speed, slight changes in wind profiles can significantly affect the extractable energy output. Changes in wind availability will therefore have a substantial impact on the cost of wind energy production. In this context, climate models are a crucial and powerful tool for estimating wind resources in different climate situations. Several studies have already assessed the impacts of global warming on wind energy Although we used the 20-km resolution grid data, previous studies (e.g., [9] ) have concluded that the coarse horizontal resolution of global/regional climate models does not undermine their utility for assessing wind resource variability. To validate and compare the climatic features simulated in d4PDF, we also used regional downscaling data (DSJRA-55, [29] ) based on the Japanese 55-year Reanalysis (JRA-55, [30] ) for initial and boundary conditions for the period 1958-2012; the horizontal resolution of the DSJRA-55 data was 5 km.
Power Curve
Wind turbines only generate electricity within the cut-in and cut-out wind speeds. There is no simple linear response between mean annual wind speed and power output. To estimate the wind power resources around Japan, we used a typical wind farm power curve ( Figure 1 ; [31] ) instead of manufacturer's power curves [8, 32] . Although the power curves specified by manufacturers are generally used to convert wind speed into electricity output, as reported by [31] , the power curve for an individual turbine should be revised if the power output from a whole wind farm is required. This is probably due to the wake effects of neighboring turbines within the wind farm that cause a decreased shut-down wind speed with gentler full-power transition/shut-down slopes.
Simulation of wind energy resources using surface wind speeds with model or reanalysis data has been conducted in many previous studies [8, 9, 33] , showing that the use of simulated wind speeds in reanalysis can provide relatively accurate regionally integrated wind energy estimates [33, 34] . As the surface wind speed data in the d4PDF are projected at 10 m above ground, they must be extrapolated to the wind turbine hub height. Wind speeds within the boundary layer are directly proportional to height from the surface up to 100-150 m due to surface friction. We used wind speeds at 80 m height (typical hub heights are 60-100 m), defined as follows:
where v(z) is wind speed at height z and α denotes the shear coefficient, a function of surface topology that varies with land cover. For v(z 0 ), we used hourly 10 m wind speeds. For simplicity, we used a value of 1/7 following previous studies [8, 9] . The obtained v(z) was then used to estimate the energy generation from the power curve ( Figure 1 ). Annual/seasonal wind-power capacity factors (the wind-power production divided by the installed wind-power capacity) were obtained from the annual/seasonal energy output divided by the theoretical maximum output, assuming operation at the rated (maximum) power during the entire period. We used "per unit" (p.u.) instead of percent.
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Figure 1.
Wind farm power curve used in this study. 
Self-Organizing Maps

Generally, synoptic WPs associated with large-scale circulation are important to our understanding of wind energy generation and variability as they affect the statistics of wind speeds near the surface [35] [36] [37] . For example, there are clear relationships between wind power variability and classified WPs [11, 36] . Previous studies suggest that wind energy generation varies with various meteorological phenomena, such as the evolution of synoptic-scale weather systems, at all scales. In this context, wind energy resources in Japan can also be mainly linked to synoptic WPs located in East Asia.
Artificial neural network learning mechanisms can be efficient tools for establishing links between various WPs and their impacts on local weather. Self-organizing maps (SOMs; [38] ) are one of the most widely used nonlinear analysis techniques. This is a pattern recognition technique through which a powerful visualization is obtained by projecting high-dimensional data onto a visually interpretable two-dimensional map. The classification of WPs using SOMs is useful for identifying complicated non-linear interrelationships among weather and climate factors [39] and can potentially help identify complicated nonlinear interrelationships among synoptic-scale WPs associated with wind energy production.
To investigate future changes in WP frequency (and their relationship with energy resources), we applied the SOM technique to six-hourly values of sea-level pressure (SLP) derived from d4PDF and projected onto regularly arranged two-dimensional arrays. Each element in the array was denoted as a node with one reference vector. We used a 20 × 20 grid SOM with 400 reference vectors, each representing a generalized pattern of input vectors. In general, the map size should be moderate and both the calculation efficiency and the representation of patterns should be considered in order to extract all characteristic patterns. We selected a map size based on sensitivity tests. The SOM projection process is summarized in [28] ; here we trained a SOM from either the present and future climate simulations. When used in other studies, this approach is often termed a "master SOM" [40, 41] . The total number of input vectors was about 2,160,000 (4 times per day × 90/91 days × 60 years × 100 ensembles).
An additional cluster analysis is often employed to fully exploit important patterns [42] [43] [44] . We clustered the SOM nodes into groups according to Ward's hierarchical clustering method [45] that seeks cluster pairs whose fusion results in a minimum Euclidean distance. The SOM was constructed for SLP in the historical and future simulations simultaneously.
Separation of Dynamical and Thermodynamic Contributions by Circulation Analogs
To gain further understanding, we tried to separate the impact of future changes in wind energy resources into dynamical and thermodynamic contributions. Changes in the intensity of wind generation can also be attributed to changes in the horizontal and vertical temperature distribution via alterations in the momentum flux. We confirmed the physical mechanisms underlying these changes in terms of the roles of dynamics (atmospheric circulation changes in the absence of radiatively induced changes in wind energy generation) and thermodynamics (changes in properties such as vertical temperature profile, sea ice, and snow depth on the land in the absence of atmospheric circulation changes).
Projected changes in climate are predominantly attributed to dynamic (atmospheric motion) and thermodynamic (temperature warming and moisture content) changes. We tried to separate these components for wind power change by using the SOM. The changes in wind energy potential between the future and present climate can be approximately expressed by using the SOM WP classification: where i is the SOM node number (n = 400 in this study), the superscripts Pc (Fc) denote a value obtained from present (future) climate, FcPc denotes the mean value between present and future climate, E represents the node mean values of the wind energy generation pattern (spatial distribution) corresponding with the WPs, f is the occurrence frequency of WP for each SOM node, and T is the total times (i.e., T = n i=1 f i ) The first term represents the impact of WP frequency changes while the second shows the integrated impact of future changes in wind energy generation under the same WP. The former is regarded as the dynamic effect of climate change impacts and the latter as the thermodynamic change. The dynamical contribution of climate change on the wind energy resources δWE dyn can be estimated by assuming the same wind energy but a different frequency, expressed as:
while the thermodynamic contribution δWE thr is estimated by assuming the same frequency but a different wind energy, expressed as:
This method is regarded as the SOM-compressed version of the constructed circulation analog method (CCA) [46, 47] that is used to illustrate the dynamical contribution to surface variable anomalies. Such analog techniques have traditionally been used for statistical weather forecasting [13, 39] . Hereafter this method is called SOM-CCA.
Projected Changes in Wind Resources and Ramps in Japan
We estimated the annual wind power production (resources) from hourly 80 m wind speeds (extrapolated from 10 m winds) using the d4PDF present climate simulation and DSJRA55 (Figure 2 ) with the power curve (Figure 1 ). High wind resources exceeding 0.5 p.u. were especially concentrated in the northeastern part of the Japanese Exclusive Economic Zone (EEZ; the limit within which wind energy development can legally happen). The overall features of the wind resources simulated in d4PDF agree with those in the reanalysis downscaling data, though some areas showed poor agreement. For example, the wind energy in d4PDF is lesser (larger) than that in DSJRA55 along the coastline to the offshore (onshore). This error was also seen in a mountainous region of central Japan with underestimated resources. We attributed these differences mainly to the low resolution (i.e., 20 km) of the d4PDF-RCM and assumed that such errors would not significantly affect the future differences that were the focus of this study.
Regarding the projected future changes in wind resources around Japan (Figure 3 ), the +4K projection agreed with the general pattern when compared to the present climate simulations (not shown) but tended to have the greatest decrease in wind resource change for onshore areas of southwestern Japan and offshore areas of southern Japan. The resultant decrease in wind energy resources around Japan was consistent with a previous study [9] . While existing onshore wind farms are located in northeastern Japan, decreases in resources were more apparent on the Pacific side of western Japan and the Japan Sea side of central Japan. We also found large decreases in offshore wind energy resources in the southern part of the Japanese EEZ. Assessing the seasonal evolution of the future changes in wind resources and capacity factors in the present climate simulations (Figure 4 ) showed that the latter were larger during the boreal winter (compared to summer) because of seasonally strengthened northwesterly winds in relation to the East Asian winter monsoon. The response of future changes differed seasonally: from winter to spring, the wind energy potential was projected to slightly increase (especially over northern Japan), but from summer to autumn it may decrease in most parts of Japan. The area-averaged seasonal changes in wind energy potential for both climate simulations ( Figure 5 ) clearly showed that wind resources decreased most during fall (September and October) and secondarily during winter. The peak reduction occurred in September, the second-most common month for typhoons in Japan (after August).
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Frequency Change in Weather Patterns
It is conceivable that future changes in the occurrence frequency of WPs could affect the analysis results, i.e., changes in wind power resources and ramps between the +4K warming and present climate simulations. We used the SOM method to analyze this for winter and fall to determine what meteorological factors could contribute to changes in wind resources. These seasons were selected because winter is the most important season for wind energy while fall contains the largest responses to global warming. We applied SOM separately to the SLP during winter (December-JanuaryFebruary) and fall (September-October-November).
First, we assessed the climatological characteristics of atmospheric circulation and its future change around the study area for these seasons (Figure 9 ). During winter, large-scale circulation around Japan is strongly influenced by the mid-latitude East Asian winter monsoon that is characterized by cold air outbreaks originating from strong zonal gradients of pressure between the Aleutian Low and the Siberian High, which significantly influence local weather systems. In addition, the Japan Sea cyclone track and the southern coastal cyclone track (high activity regions of synopticscale transient eddies) are located over Japan during the boreal winter. Fall weather is characterized by fine autumn days and typhoons. Anticyclones carried by westerlies from the Asian mainland to the Japanese islands cause calm, sunny days. Typhoon season runs from August to mid-October, peaking in September in the Pacific Ocean. Typhoons tend to impact the eastern coast of southwestern Japan, producing abundant rainfall in a relatively short time and making fall a second rainy season in this area.
In the +4K future climate simulations, the zonal gradient weakened during winter. A highpressure anomaly was centered east of Japan (around 160°E) and climatological northeasterly winds weakened in this region. In northern Japan, where the wind direction shifted to easterly, changes in wind speed were less apparent. As for fall, a weakened climatological pressure gradient was also found, but not as clearly as in winter. The meridional gradient was slightly weakened in northern 
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Japan. The easterly wind anomalies over Japan can be regarded as weakened climatological westerlies. The SOM analysis for winter classified synoptic-scale WPs of SLP around Japan according to 400 nodes ( Figure 10 ). The WPs in relation to strong SLP gradients are distributed in the upper right to bottom left portions of the SOM. It is conceivable that a future change in the occurrence frequency of the WPs could affect the analysis results. To verify the occurrence frequency and its future change, we also assessed the difference in occurrence frequency (%) of WPs on the SOM between the +4K and present climate simulations ( Figure 11 ). The nodes denoting significant changes were concentrated in different regions on the SOM: increased WPs mainly occurred in the center-right and the centerleft areas, while decreased WPs occurred in the bottom-left to bottom-right areas. As certain clustered WP frequencies changed more predominantly, we selected four clustered patterns as representing the dominant global warming impacts on WP frequency change (WP1-4, Figure 11 ).
The WPs shown in Figure 12 illustrate the cluster-composited SLP for WP1-4 (the other clusters were not shown here for simplicity). The results clearly show the impact of large-scale conditions on wind power generation. Analyzing rapid wind speed change within a 6 h time horizon can be helpful for understanding future changes in wind ramp frequencies. The cluster-averaged maximum amplitude of wind speed change from the maximum (minimum) value at -3 to -1 h to the minimum (maximum) value at +1 to +3 h are also presented in Figure 12 . The SOM analysis for winter classified synoptic-scale WPs of SLP around Japan according to 400 nodes ( Figure 10 ). The WPs in relation to strong SLP gradients are distributed in the upper right to bottom left portions of the SOM. It is conceivable that a future change in the occurrence frequency of the WPs could affect the analysis results. To verify the occurrence frequency and its future change, we also assessed the difference in occurrence frequency (%) of WPs on the SOM between the +4K and present climate simulations ( Figure 11 ). The nodes denoting significant changes were concentrated in different regions on the SOM: increased WPs mainly occurred in the center-right and the center-left areas, while decreased WPs occurred in the bottom-left to bottom-right areas. As certain clustered WP frequencies changed more predominantly, we selected four clustered patterns as representing the dominant global warming impacts on WP frequency change (WP1-4, Figure 11 ).
The WPs shown in Figure 12 illustrate the cluster-composited SLP for WP1-4 (the other clusters were not shown here for simplicity). The results clearly show the impact of large-scale conditions on wind power generation. Analyzing rapid wind speed change within a 6 h time horizon can be helpful for understanding future changes in wind ramp frequencies. The cluster-averaged maximum amplitude of wind speed change from the maximum (minimum) value at -3 to -1 h to the minimum (maximum) value at +1 to +3 h are also presented in Figure 12 . The effect of each WP on wind speed and its variability differed by cluster. In WP1, the Siberian high-pressure area extended from west to east over the Sea of Japan and central Japan. In WP2, the meridional gradients of SLP are related to the high (low) SLP over southwestern (northeastern) Japan. In WP3, an extratropical cyclone (very low SLP) was located off the east coast of Japan with strong negative zonal gradients of SLP being caused by enhanced extratropical cyclones in the KuroshioOyashio extension region. In WP4, enhanced high SLP was present in western regions and low SLP in eastern regions; this enhances the clear east-west gradient in climatological conditions. Compared with WP2 and WP3, wind power generation anomalies are weaker in WP4 (Figure 12b ). WP3 tends to cause a more rapid increase/decrease in wind speed around Japan than the other weather patterns (Figure 12c-d) .
The occurrence frequencies of WP3 and WP4 decreased in the +4K simulations. Since WP3 showed strong wind speed anomalies over Japan (not shown), decreases in its frequency may contribute to decreases in wind resources, especially in southern regions. However, the increased frequency of the windier WP2 made up for the effects of the decreased WP3. The spatially inhomogeneous change (north-south contrast) in wind energy seen in Figures 3 and 4 can be mainly explained by the shift in WP frequency from WP3 to WP2. In the latter, cold air surges cannot reach the subtropical western Pacific. The effect of each WP on wind speed and its variability differed by cluster. In WP1, the Siberian high-pressure area extended from west to east over the Sea of Japan and central Japan. In WP2, the meridional gradients of SLP are related to the high (low) SLP over southwestern (northeastern) Japan. In WP3, an extratropical cyclone (very low SLP) was located off the east coast of Japan with strong negative zonal gradients of SLP being caused by enhanced extratropical cyclones in the Kuroshio-Oyashio extension region. In WP4, enhanced high SLP was present in western regions and low SLP in eastern regions; this enhances the clear east-west gradient in climatological conditions. Compared with WP2 and WP3, wind power generation anomalies are weaker in WP4 (Figure 12b ). WP3 tends to cause a more rapid increase/decrease in wind speed around Japan than the other weather patterns (Figure 12c-d) .
The occurrence frequencies of WP3 and WP4 decreased in the +4K simulations. Since WP3 showed strong wind speed anomalies over Japan (not shown), decreases in its frequency may contribute to decreases in wind resources, especially in southern regions. However, the increased frequency of the windier WP2 made up for the effects of the decreased WP3. The spatially inhomogeneous change (north-south contrast) in wind energy seen in Figures 3 and 4 can be mainly explained by the shift in WP frequency from WP3 to WP2. In the latter, cold air surges cannot reach the subtropical western Pacific.
We conducted the same analyses as above, but for fall (Figures 13-15) . The relatively calm WPs 5-7 showed negative wind speed anomalies with no significant wind variations associated with migratory anticyclones, while WP8 and WP9 were affected by cyclones. In WP8, the northern part of Japan was covered by a strong SLP gradient associated with a low-pressure system located over the Japan Sea, resulting in larger wind power generation and ramps. WP8 represented one of the most severe wind ramping situations of all nine scenarios, showing a high probability of large wind power changes (Figure 15 ). In WP9, central-eastern Japan was covered by the rear of a low-pressure system in the Pacific. While ramp-up events were highly correlated with the approach of low-pressure systems, ramp-down-dominated WPs were related to the behavior of high-pressure systems extending from the west of Japan [11] , such as WP9.
In the future climate experiment, the number of intense cyclones significantly increased whereas the number of total cyclones significantly decreased, similar to the results obtained from the CMIP3 models themselves [48] . In d4PDF, the number of typhoons was also reduced significantly [49] , resulting from the decrease in the windy WPs. During fall, the occurrence frequency of windy WPs (WP8 and WP9) decreased about 40% in the +4K simulations while clear and calm WPs increased. Since the former affected most of the region, their decrease in frequency may correspond with the decrease in regional wind energy potential. In addition, the decreasing WPs (WP8 and WP9) were linked to both ramp-up and ramp-down events. Therefore, during fall, a decrease in low-pressure systems can be the main cause of future decreases and short-term variations in wind power generation.
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Discussion
Dynamical and Thermodynamic Contributions
Above, we only showed the changes in frequency of synoptic WPs. To explore this further, here we discuss the impact of future changes in wind energy resources by separating the dynamical and thermodynamic contributions using the SOM-CCA (Figure 16 ). During the winter, large-scale meridional asymmetric changes (intensification in the north and weakening in the south) in wind energy resources come mainly from the dynamical effect, while changes over land come from the thermodynamic contribution. This may relate to the reduction in snow depth during the future climate, resulting in an increase in vertical momentum entrainment via changes in the vertical temperature profile over Japan. During fall, the dynamical contribution is larger while thermodynamics also contribute to the reduction of wind energy, especially in the southern part of Japan. The thermodynamics changes (factors excluding circulation frequency change) may come from changes in surface local properties that can affect downward vertical momentum flux through changes in atmospheric stability/boundary-layer condition and the position of the jet stream in the upper levels of the atmosphere.
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Diversity from Model SST
Several studies have shown that changes in wind energy potentials are sensitive to the choice of climate models and can be affected by the model's initial conditions and internal variability [3, 6, 50] . Additionally, future projections of synoptic activity (e.g., storm tracks) may differ strongly between individual climate models [51] [52] [53] , which could be attributed to large differences in the response to surface conditions between models. To verify the impact of model SST diversity in d4PDF +4K simulations, we assessed changes in wind energy production for each model SST ( Figure 17 ). As expected from the large differences in climatology, the sensitivity of each WP to projected warming differed between the model SSTs. Such differences could be related to the spatial distribution of large- Figure 16 . Decomposition of future changes in wind energy (presented in Figure 4 ) during DJF (top) and SON (bottom) into contributions from (left) thermodynamics and (right) dynamics using the SOM-CCA (circulation analog method).
Several studies have shown that changes in wind energy potentials are sensitive to the choice of climate models and can be affected by the model's initial conditions and internal variability [3, 6, 50] . Additionally, future projections of synoptic activity (e.g., storm tracks) may differ strongly between individual climate models [51] [52] [53] , which could be attributed to large differences in the response to surface conditions between models. To verify the impact of model SST diversity in d4PDF +4K simulations, we assessed changes in wind energy production for each model SST ( Figure 17 ). As expected from the large differences in climatology, the sensitivity of each WP to projected warming differed between the model SSTs. Such differences could be related to the spatial distribution of large-scale climatology that impacts water vapor advection from the large scale to the synoptic scale. Therefore, our findings suggest that projected changes in wind energy are likely to be affected by SST warming patterns in the future. Further studies are needed to more accurately estimate future wind energy resources in Japan.
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Conclusions
Understanding the impacts of global warming on the wind power sector is important for future energy management in Japan. In addition to forecasting the short-term variability of wind power output [13] [14] [15] , evaluating wind power potential is an important subject in wind power management [3, 9, 10, 54, 55] since this significantly affects the cost of wind energy [8] . While these impacts have been paid increasing attention recently, they are still not well understood. By using state-of-the-art global warming large ensemble data (d4PDF), we were able to analyze possible changes in wind energy resources and ramp events under future +4K conditions with a focus on regional-scale changes. Changes in wind resources and variability in Japan were estimated using 20 km downscaling simulation data (d4PDF-RCM), projecting a decrease in annual wind energy resources around Japan in future decades as suggested by [9] , although the projected changes were relatively small (−4.3%, when compared with the same domain: 128° E-142° E, 30° N-42° N).
In regional terms, our results projected decreasing wind energy resources over southern and central Japan. In seasonal terms, the changes were much more apparent: a slight increase in wind energy potential was identified for northern Japan from winter to spring with a decrease in most regions from summer to fall. The impact of global warming on wind energy was largest during fall. However, in winter, no clear change in wind energy potential could be identified although the wind direction was significantly altered.
In terms of wind energy variability, we projected significant decreases in ramp-down frequencies in the +4K simulation. These changes were more remarkable over onshore areas in western and 
Understanding the impacts of global warming on the wind power sector is important for future energy management in Japan. In addition to forecasting the short-term variability of wind power output [13] [14] [15] , evaluating wind power potential is an important subject in wind power management [3, 9, 10, 54, 55] since this significantly affects the cost of wind energy [8] . While these impacts have been paid increasing attention recently, they are still not well understood. By using state-of-the-art global warming large ensemble data (d4PDF), we were able to analyze possible changes in wind energy resources and ramp events under future +4K conditions with a focus on regional-scale changes. Changes in wind resources and variability in Japan were estimated using 20 km downscaling simulation data (d4PDF-RCM), projecting a decrease in annual wind energy resources around Japan in future decades as suggested by [9] , although the projected changes were relatively small (−4.3%, when compared with the same domain: 128 • E-142 • E, 30 • N-42 • N).
In terms of wind energy variability, we projected significant decreases in ramp-down frequencies in the +4K simulation. These changes were more remarkable over onshore areas in western and central-eastern Japan, reaching up to −15%, indicating a considerable change in the ramp frequency. The global warming impact on wind ramping was also largest during fall.
Most changes in wind energy were connected to alterations in the large-scale basic state (SLP and surface wind) and synoptic activity over Japan. We examined the impacts of global warming on wind energy by classifying the SLP field using the SOM method, confirming that wind power generation and ramp events were significantly associated with changes in frequency of synoptic WPs. During fall, the decrease in the low-pressure system was the main cause of the future decrease in wind energy. In contrast, in winter, the large-scale basic-state change is the main cause of future changes in wind energy. These findings are important for the future planning of reliable energy networks and supplies in Japan, which should be prepared for a reduction in wind energy potential under future climate conditions while likely experiencing decreasing potential for wind ramp events. Although these are the results of a massive ensemble experiment that has never been conducted before, they still represent a single model result. To obtain more accurate projections, the results should be verified using multi-model dynamical downscaling data.
To confirm the SOM results, we also used the SOM-compressed CCA (SOM-CCA) to illustrate the importance of contributions from dynamics by separating the dynamic and thermodynamic components of changes in wind energy resources. Major changes could be attributed to the changes in frequency of WPs (dynamics), consistent with the results in Section 4. We also found diverse results among the simulations in response to different model SST anomalies. Climate variability has a marked impact on the frequency of wind ramp events over Japan [11] . In particular, El Niño and La Niña events correspond to different WPs in the western Pacific climate [44] . Thus, future changes in tropical SST patterns can affect WP frequency via the Pacific-Japan pattern [25] , ENSO transitions [56] , and Indian Ocean SSTs [23] [24] [25] . To validate the relationship between future changes in the tropical Indo-Pacific SST and WPs around Japan, future research should investigate interannual variations in wind energy and related WPs using d4PDF and its consistency with the projected tropical SST changes.
Our results provide an interesting perspective on the impact of climate change projections on the wind energy sector in Japan. Furthermore, we suggest that WP classifications can be used as a bridging tool between general circulation and regional climate models. SOMs have been shown to be robust for analyses of synoptic WPs corresponding with wind energy production and ramp events. We also demonstrated the use of compressed atmospheric circulation analogs to illustrate the thermodynamic and dynamic contributions. We conclude that this technique can be an effective tool for the analysis of WP-dependent weather events, with potential to be applied to climate change impact assessment studies. 
